Mature-T-Cell Proliferation) is the ®rst gene unequivocally identi®ed in the group of uncommon leukemias with a mature phenotype. The three-dimensional solution structure of the human p8 MTCP1 protein encoded by the MTCP1 oncogene was determined by homonuclear proton two-dimensional NMR methods at 600 MHz. After sequence speci®c assignments, a total of 931 distance restraints and 57 dihedral restraints were collected. The location of the three previously unassigned disul®de bridges was determined from preliminary DIANA structures, using a statistical analysis of intercystinyl distances. The solution structure of p8 MTCP1 is presented as a set of 30 DIANA structures, further re®ned by restrained molecular dynamics using a simulated annealing protocol with the AMBER force ®eld. The r.m.s.d. values with respect to the mean structure for the backbone and all heavy atoms for a family of 30 structures are 0.73(AE0.28) and 1.17(AE0.23) A Ê , when the structured core of the protein (residues 5 to 63) is considered. The solution structure of p8 MTCP1 reveals an original scaffold consisting of three a helices, associated with a new cysteine motif. Two of the helices are covalently paired by two disul®de bridges, forming an a-hairpin which resembles an antiparallel coiled-coil. The third helix is oriented roughly parallel to the plane de®ned by the a-antiparallel motif and its axis forms an angle of %60 with respect to the main axis of this motif.
Introduction T-cell lymphoproliferative diseases are often associated with recurrent chromosomal translocations involving T cell receptor genes (TCR) and genes that are thought to play a role in the pathogenesis of these diseases. These chromosomal translocations have been proposed to occur during the recombination events of the TCR genes, leading to genetic aberrations which deregulate protooncogenes now juxtaposed to the TCR genes. The characterization of numerous translocations found in immature (acute) T cell leukemias has led to the discovery of several genes which appear to be important in the malignant transformation process (for a review, see Rabbitts, 1994) .
In contrast, little is known about the genetic aberrations associated with the heterogenous group of uncommon leukemias having a mature phenotype. MTCP1 (also called c6.1B; Fisch et al., 1993; Stern et al., 1993) , located in the Xq28 chromosomal region, was the ®rst gene to be unequivocally identi®ed in this pathogenesis. It is involved in the translocation t(X;14)(q28;q11), a translocation currently associated with a rare subset of mature T-Cell proliferations (Dallapiccola et al., 1984; Witzig et al., 1986; Goyns et al., 1993; Stern et al., 1993; Madani et al., 1996) . It is also observed in ataxia telangiectasia patients where clonal proliferations of T lymphocytes bearing this t(X;14) translocation can be observed years before the emergence of leukemia (Taylor et al., 1981; Canki et al., 1983; Beatty et al., 1986) , indicating that this translocation is one of the early events of the malignant transformation (Stern et al., 1989; Taylor et al., 1992; Sherrington et al., 1994 ; for a review see Taylor et al., 1996) .
Surprisingly, the two MTCP1 major splicing forms, A and B, encode two entirely different proteins, a phenomenon seldomly observed in mammals. The longer transcript, B1, codes for a 107 residues (13 kDa) protein known as p13 MTCP1 (Madani et al., 1996) . This protein shows high sequence similarity (40% identity) with p14 TCL1 (Fu et al., 1994) , the product of the 14q32.1 oncogene TCL1. Since p13 MTCP1 and p14 TCL1 do not share homology with other known sequences, they may constitute a new family of oncogenic proteins. Type A transcripts code for a small 8 kDa (68 residues) protein, p8 MTCP1 (Soulier et al., 1994) recently localized in mitochondria (Madani et al., 1995) . The protein sequence shows a striking richness in cysteine residues (seven cysteine out of 68 amino acids), though it could not be classi®ed among previously described cysteine motifs (Madani et al., 1995) . Computer analysis (Madani et al., 1995) reveals sequence similarity with type-1 repeat fragments of thrombospondin proteins, also present in the b chain of the complement C8. Whereas the expression of p13 MTCP1 is restricted to mature Tcell proliferation with t(X,14) translocations, the mitochondrial protein p8 MTCP1 is expressed at low levels in most human tissues and is overexpressed in the proliferating T cells (Soulier et al., 1994; Madani et al., 1996) . Thus, p8 MTCP1 may be associated with a function common to many cell types. Supporting this assumption, the p8 protein homolog is highly conserved in mouse (Soulier et al., 1994) , indicating the evolutionary conservation of its potential function. Although its biological function is still unknown, the fact that p8 MTCP1 is overexpressed in proliferating t(X,14) T-cells strongly suggests its participation in oncogenesis. We present here the ®rst report on the structure determination of human p8 MTCP1 by two-dimensional homonuclear NMR.
Results
Resonance assignments and secondary structure
The NMR sample was obtained by a method similar to that previously published by Soulier et al. (1994) (see Materials and Methods) . Eleven residues were added (six residues at the N terminus and ®ve at the C terminus end of the protein) in order to prevent enzymatic degradation and for sub-cloning facilities. Nearly complete sequence-speci®c 1 H resonance assignments for p8 MTCP1 were obtained from the 2D homonuclear spectra following the sequential assignment procedure (Billeter et al., 1982; Wagner & Wu È thrich, 1982; Wider et al., 1982; Wu È thrich, 1986) , using a combination of through-bond (DQF-COSY, TOCSY) and through-space (NOESY) connectivities. 2D spectra were usually recorded at 298 K, i.e. under conditions where optimal dispersion of amide 1 H resonances was observed. Residual overlap was resolved from analogous spectra recorded at 288 K and 308 K. Despite the size of the protein (79 residues) and its high helical content (vide infra), the dispersion of 1 H resonance in the 2D homonuclear spectra at 600 MHz was suf®cient to enable identi-®cation of a continuous stretch of sequential NOEs over the whole sequence without the need for labelling and heteronuclear NMR experiments. However, the quality of the TOCSY spectra was rather poor, except for N-terminal (residues À5 to 4) and C-terminal (residues 64 to 73) residues. The sharp and intense lines observed in the TOCSY spectra, together with the strong d aN sequential NOEs, strongly suggest that the N and C-terminal ends of the protein are fully¯exible random coil polypeptide segments. Since the N and C-terminal additional residues appear in a disorded region and do not participate to the structured core of the protein, they will not be considered further in the discussion. Nevertheless, some spin systems were easily identi®ed in the structured part of the protein (residues 5 to 63): the connectivities of all aromatic ring protons were straightforward and their connectivity to the C a H and C b H resonances was established using NOEs with the corresponding aromatic protons. Moreover, the valine, alanine, threonine and, to a lesser extent, the glycine spin systems were easily identi®ed in the TOCSY spectra and constituted good starting points for the sequential assignment. The NOESY spectra in H 2 O revealed a large number of sequential d NN contacts which led to the recognition of three large stretches of adjacent residues (Figure 1) . Additionally, the presence of strong sequential C a H ± C dd H H NOEs in the three Xxx-Pro dipeptides unambiguously establishes the trans geometry of the peptide bonds involved. The resulting 1 H assignments are available as supplementary material.
A total of 37 residues out of 79 have their C a H proton resonance shifted up®eld from the randomcoil values, indicating a three-dimensional fold rich in a-structures (Wishart et al., 1991 (Wishart et al., , 1992 (Wishart et al., , 1995 . This was supported by the presence of large stretches of medium range NOE contacts (4i, i 4), as revealed by the diagonal plot (data unshown), and of weak 3 J NHHa coupling constant values (see supplementary material), indicating that the main secondary elements are a-helices encompassing residues 8 to 20 (helix I), 29 to 40 (helix II) and 48 to 63 (helix III). The presence of d aN (i, i 2) connectivities at the extremities of helices I and II, with the concomitant disappearance d aN (i, i 4) connectivities, indicates that initial and ®nal turns are distorted towards a 3 10 conformation. Additionally, characteristic side-chain to backbone proton NOEs indicate that the ®rst and third helices are stabilized by an N-capping box (Richardson & Richardson, 1988) involving residues Asp5 and Gln8, and Ser47 and Cys50, respectively. The perpendicular disposition of numerous long-range (>i, i 4) NOE contacts with respect to helix I and helix II diagonal segments suggests that these two helices are orientated in an antiparallel fashion. In contrast, few NOEs were found between helix II and helix III.
Assignment of the disulfide bridges
A major problem confronted in the structure determination of p8 MTCP1 was the assignment of the disul®de bridges. Prior to this work the cysteine residues involved in disul®de bondings had not been identi®ed, and as mentioned above, the p8 MTCP1 sequence could not be related to any known cysteine motifs. Titration of the free thiol groups with DTNB according to Ellman's method (Riddles et al., 1983) at different pH (see Materials and Methods) showed that only one cysteine exists in the reduced form and that the remaining cysteine residues were not involved in a zinc cluster. Consequently, the six cysteine residues are involved in three disul®de bonds. However, it was not possible to determine the disul®de bridge arrangement in p8 MTCP1 by either biochemical means of a qualitative interpretation of the NOE data. Indeed, if the Cys17 ±Cys28 disul®de bond could be assigned on the basis of non ambiguous long-range NOE contacts between protons belonging to the two half-cystine residues, this approach failed for the determination of the two remaining disul®de bridges. This was due to the presence of the two vicinal hemi-cystine residues Cys38 and Cys39 which led to ambiguous long-range NOEs with Cys7 and Cys50. Thus, the strategy we used was to maximize the structural information content of the NMR data, so that the disul®de bridges could be assigned from a set of structures calculated without imposing any disul®de bonds.
A set of 20 DIANA structures (Gu È ntert & Wu È thrich, 1991) were calculated and analyzed in terms of convergence (see Materials and Methods) and the mean intercystinyl distances in this set of conformers were then determined (Table 1) . Stereo- recorded in H 2 O at pH 6.5 and 298 K. The sequential d NN connectivities are shown for the three helical regions: residues 8 to 19 (broken line); residues 29 to 40 (dotted line); residues 48 to 61 (continuous line).
Solution Structure of Human p8 MTCP1 speci®c assignments were available for all C b H protons in the half-cystine residues, which gives a better precision on the spatial location of the sulfur atoms. We also measured the inter-C b distances, independent of the w 1 angle, to avoid incorrect dis-ul®de assignments due to possible erroneous stereospeci®c assignments. As a result of this preliminary calculation, the cysteine residues appeared clustered in two distinct regions of the protein: Cys12, Cys17 and Cys28 are located close to the turn which joins helix I and helix II; Cys7, Cys38, Cys39 and Cys50 are situated in a region where the N terminus of helix I and helix III and the C terminus of helix II are in close proximity. These regions are far enough apart to avoid any disul®de pairing between half-cystine residues belonging to distinct clusters. In the ®rst cluster, the Cys17 ± Cys28 disul®de bridge can be easily identi®ed from NOE contacts between the two half-cystine residues: it follows that Cys12 is the reduced cysteine. In the second cluster, the disul-®de bridge between the two vicinal half-cystine residues, Cys38 and Cys39, can be eliminated: the formation of such bridges is seldomly observed in natural proteins (Zhang & Snyder, 1989) , because it requires the conversion of the Cys ±Cys peptide bond from its usual trans-con®guration into the energetically less favourable cis-con®guration. Furthermore, it has been observed in peptide models that such cyclocystine loops manifest themselves in proton spectra in ways which were not observed for p8 MTCP1 (Liff & Siddiqui, 1996) . Discarding this sequential bridge eliminates the possibility of pairing between Cys7 and Cys50. This restrained the analysis to two possibilities: Cys38± Cys7, Cys39± Cys50 or Cys38± Cys50, Cys39 ±Cys7. If the distance analysis shows that the Cys39± Cys7 disul-®de could occur, both C b ±C b or S g ± S g distances between Cys38 and Cys50 are too large to be compatible with a disul®de bridge. Therefore the correct disul®de pairing involves Cys38 ± Cys7 and Cys39± Cys50.
Structure calculation and refinement
The ®nal structure calculation steps included the disul®de bridges which were thus treated as additional distance restraints (four restraints per bridge). Inclusion of the disul®de restraints improved the convergence of the calculation. Forcing the alternative disul®de bridges (Cys38± Cys50, Cys39 ± Cys7 and Cys38 ± Cys39, Cys7± Cys50) led to numerous distance or dihedral violations con®rming the disul®de pairing described in the previous section. A total of 988 structural (distance and dihedral) constraints out of the 1038 collected were meaningful and taken into account for distance-geometry calculations (see Materials and Methods). The remaining constraints were found to be irrelevant for the calculation, either because they correspond to ®xed interproton distances or because they correspond to distances that cannot be violated by any conformation of the polypeptidic chain. Of the ®nal 800 structures, 50 had a ®nal target function smaller than 5 A Ê 2 and satis®ed all experimental constraints with no NOE distance constraint violation exceeding 0.88 A Ê and no dihedral angle violation exceeding 9.9 . To speed up the calculations, only a subset comprising the 30 structures with the best target value (<3.95 A Ê 2 ) and with no NOE distance violation exceeding 0.76 A Ê and no dihedral angle violation exceeding 6.3 was chosen for further re®nement. The survey of the structural statistics and of the residual violations of experimental constraints for this 30 conformers is shown in Table 2 . Discarding residues 1 to 4 and 64 to 68, for which no long-range NOEs were available, the low average pairwise r.m.s.d. values (1.20 AE 0.28 A Ê ) indicate that all conformers converge to the same overall fold. We thus consider them representative for the conformational space consistent with the data.
These 30 DIANA conformers with lowest target function value were further re®ned by simulated annealing and restrained energy minimization Table 1 . Distribution of distances (A Ê ) between C b and S g atoms of cysteine residues over 20 structures obtained after DIANA calculation
Excluded 9.5 AE 0.2 (10.02 AE 0.8)
The average values and standard deviations are given above the diagonal (into brackets for S g ). Structure calculations were performed using the DIANA program as described in Materials and Methods, without ®xing any constraint between S atoms. The bold values are statistically the lowest distances and re¯ect disul®de bonds. Italic values would correspond to excluded disul®de arrangements, and the underlined value to a possible disul®de bond. These considerations are summarized below the diagonal.
using the AMBER force®eld (Pearlman et al., 1995) . The results of the re®nement are collected in Table 2 . As expected the re®nement resulted in a substantial improvement of the van der Waals energy and of the electrostatic contribution to the energy. Importantly, the decrease in the non-bonding energy was achieved without signi®cant increase in the residual violations of the experimental constraints as compared with the DIANA conformers. The average global (residues 5 to 63) r.m.s.d. backbone and heavy atoms goes from 1.20(AE0.28) and 2.01(AE0.29) to 0.73(AE0.28) and 1.17(AE0.23), respectively, after re®nement. In conjunction with the high number of NOEs per residue ( Figure 2 ), this indicates a good sampling of the conformational space. Perhaps the most important result of the re®nement was the marked improvement in the geometry of most hydrogen bonds in the individual structures as a result of the electrostatic term in the force®eld. Altogether, the re®ned structures provide a better estimate of the conformational space in agreement with the experimental constraints than that obtained from DIANA alone.
The energy-minimized average structure calculated from the above family of 30 re®ned structures was used to check the quality of the structure in a Ramachandran plot through the program PRO-CHECK (Laskowski et al., 1993) (data not shown). The protein contains 61``meaningful'' residues (i.e. non-glycine, non-proline, and non-terminal residues) for the Ramachandran plot. In the energyminimized average structure, 54 residues (i.e. 88.5%) fall in the most favored regions of the Ramachandran plot; six residues (i.e. 9.8%) are in the additional allowed regions; only one residue (0.3%), Lys64, located in the disordered C-terminal end of the protein, falls in the generously allowed and no residue falls in the disallowed region.
Description of the NMR solution structure of p8 MTCP1
The main structural motif of p8 MTCP1 consists of two antiparallel helices spanning residues 8 to 20 (helix I) and 29 to 40 (helix II), strapped in a welldetermined orientation by the two disul®des 7± 38 and 17±28 (Figure 3 ). Such an antiparallel arrangement forms and a-helical hairpin which resembles a two-stranded a-helical coiled-coil. The angle, however, between the axes of the two cylinders representing helices I and II is about 5 , which is signi®cantly smaller than that observed for a typical super-coil in which hydrophobic contact surface between the two helices is maximized (Schultz & Schirmer, 1979) . The two disul®de bridges are well-de®ned and adopt the common left-handed spiral conformation (Richardson, 1981) in all the calculated structures ( Figure 4 ). According to Srinivasan et al. (1990) , the conformation of the dis-ul®de bond Cys7 ± Cys38 is of type 2, that of the Cys17± Cys28 is of type 3. The two antiparallel helices are linked by two interlocking turns. The ®rst one is a non-classical turn characterized by a i, i 5 hydrogen bond (23 3 18), whereas the second one could be regarded as a 3 10 helix turn with a characteristic i, i 3 hydrogen bond (24 3 21,27 3 24). A relatively well-de®ned loop (from residues Gln41 to Arg46) connects helix II to helix III, spanning residues 48 to 63. The third dis-ul®de bridge 39 ± 50 links the top of helix III to the tip of helix II. This bridge adopts the rather unusual right-handed conformation in all the re®ned structures ( Figure 4) , and does not ®t to any of the conformations described by Srinivasan et al. (1990) . Note that the three disul®de bridges have the same geometry in all of the 30 re®ned protein conformers, re¯ecting the accuracy of their de®nition by the NMR restraints. The N-terminal end of helix III is positioned near the C-terminal end of helix II. Helix III is contained in a plane approximately parallel to the plane de®ned by the antiparallel helical motif. Its axis forms an angle of 57(AE10) with respect to the main axis of the antiparallel helical motif. The N (residues 1 to 4) and C termini (residues 64 to 68) appear essentially mobile and disordered. Analysis of the local backbone displacements (Figure 2 ) and of the order parameter S (Hyberts et al., 1992) calculated for the 30 energy-re®ned conformers (supplementary material) indicates that all three helices of p8 MTCP1 , as well as the two interlocking turns joining helix I and helix II, are well-de®ned. The N and C termini, and to a lesser extent the loop between helix II and III, are less well-de®ned, primarily due to a lack of long and medium range NOEs, presumably a consequence of increased¯exibility. Rather than the local r.m.s.d., where stretches of three residues are aligned to show the differences in local structures, the calculation of the order parameter S for dihedral angles allows us to analyze the precision of the local structures, since this parameter is entirely independent of the alignment procedure. A value very close to 1 generally observed for most f and c angles in the three helices re¯ects their high de®nition, even though no dihedral constraints are available for all f angles. Similarly, the values of S observed for w 1 angles indicate that the side-chain position for most residues in the helices is well de®ned, despite the fact that stereospeci®c assignment of the H b protons was available only for 33% of the residues. This suggests that the well-de®ned w 1 for most of the side-chains in the helices is a consequence of the protein packing rather than the direct experimental data.
Calculation of the global r.m.s.d. values for the different atom selections (Table 2) shows that the location of helix III is globally signi®cantly less de®ned when compared with the ®rst two helices. Indeed, when enforcing the alignment of the 30 re®ned structures on the a-antiparallel motif (residues 8 to 40) for the calculation of the average structure, the r.m.s.d. value rises to 1.74(AE0.96) A Ê in the third helix (residues 48 to 63). In contrast, enforcing the ®t on the third helix alone leads to a r.m.s.d. value of 2.10(AE0.96) A Ê on the double-helix motif. Technically, the increased global disorder results from the very few long range NOEs observed between helix III and the a-hairpin motif.
Inspection of the dihedral angle distribution and of the hydrogen bonds reveals that Asp5, and Ser47 form N-caps (Richardson & Richardson, 1988) , as previously suspected by the inspection of the NOESY maps. At the N terminus of helix III, the side-chain hydroxyl oxygen atom of Ser47 Hbonds with the backbone amide proton of Cys50, as it is usually found for classical N-caps. A more remarkable conformation is observed for the sidechain of Asp5: on carboxyl oxygen atom forms a hydrogen bond with the backbone amide proton of Gln8, capping the N terminus of helix I, and the other carboxyl oxygen forms a hydrogen bond with the backbone amide proton of Val48, thus participating to the N-capping of helix III.
Discussion
a-Helical coiled-coils represent a wide-spread assembly motif (Kohn et al., 1997) . A coiled-coil is composed of two, three or four right-handed Figure 3 . The re®ned structure of p8 MTCP1 . (Top) Stereoview of the 30 best structures of p8 MTCP1 , superimposed over the backbone heavy atoms N, C a and C for residues 5 to 63. Only backbone atoms are shown, except for the three disul®de bridges (7 ±38, 17 ± 28, and 39 ± 50) (shaded grey). Cysteine residues are labelled. (Bottom) Ribbon plots of the structure of p8 MTCP1 which is closest to the average, showing the backbone (in green) and disul®de bonds (in yellow). The two views are related by a %90 rotation about the vertical axis. amphipathic a-helices wrapped around each other in a left-handed supercoil with a crossing angle of approximately 20 between helices (Schultz & Schirmer, 1979) such that their hydrophobic surfaces are in continuous contact to form, respectively, dimeric, trimeric or tetrameric coiled-coils. The a-helical assembly motif observed for helices I and II in p8 MTCP1 represents on original alternative to the stabilization of two antiparallel a-helices. Indeed, a disul®de linkage between a-helical structures (Pullman & Pullman, 1974) is scarcely observed and may involve unusual stereochemical constraints. Other examples of naturally occurring disul®de linkages between a-helical structures are to be found in small toxins such as the plant a-hordothionin from Korean barley (Rao et al., 1994) , the Escherichia coli heat-stable enterotoxin b (Sukumar et al., 1995) and the recently published neurotoxin B-IV from the marine worm Cerebratulus lacteus (Barnham et al., 1997) . All these small proteins represent an a-helical hairpin structure, with the branches of the hairpin linked by two (enterotoxin b) or four (a-hordothionin, neurotoxin B-IV) disul-®de bonds. In all these cases, the helical geometries are deeply distorted, except for the a-helical hairpin region between the two proximal disul®de bridges Cys16 ±Cys48 and Cys23 ±Cys41 in enterotoxin b where the two helices adopt a geometry close to that found in coiled-coil structures. p8 MTCP1 represents the ®rst example of a natural protein containing an a-antiparallel helical hairpin motif stabilized by two disul®de bridges, without any distortion of either the helices or the disul®de geometries. However, the steric constraints induced by the two disul®de bridges impose an angle of about 5 between the axes of helix I and helix II. This is signi®cantly smaller than the typical value of 20 observed in a super-coil. Disul®de bridges are likely to stabilize this a-hairpin structure, even though the role of individual bonds is dif®cult to access. Zhou et al. (1993) reported that disul®des at the interface of parallel synthetic coiled-coils had a strong in¯uence on their stability, with either stabilizing or destabilizing effects, depending on their location.
Even if the two disul®de bridges play an important role in conferring conformational stability to the a-antiparallel helical motif found in p8 MTCP1 , the contribution of interchain hydrophobic interactions cannot be neglected. Interestingly, as observed in typical a-helical coiled coils, helix I and helix II are markedly amphipathic, whereas helix III is essentially hydrophilic ( Figure 5) . The residues at the interface of helix I and helix II, mostly hydrophobic, together with hydrophobic residues located in the loop connecting helix II and III and in the ®rst turn of helix III form a globular hydrophobic core containing the two disul®de bridges 7±38 and 39±50 ( Figure 6 ). Moreover, regular heptad motifs (denoted as a b c d e f g; McLachlan & Stewart, 1975) are observed in helix I and II ( Figure 5 ). The residues at position a and d, which typically form the hydrophobic core in a-helical coiled-coils, are mainly hydrophobic residues or half-cystine residues. Thus, disul®de bridging substitutes to hydrophobic interactions to stabilize the a-helical assembly. This additional stabilization by disul®de bridging is probably necessary due to the relative shortness of the two helices (only two heptads), which is hardly compa- tible with a self-stabilized coiled-coil assembly (about four heptads at least, generally) involving mainly hydrophobic interactions. The disul®de disposition in the a-helical hairpin found in p8 MTCP1 is markedly different from that of neurotoxin B-IV. The half-cystine residues at positions 16, 23, 41 and 48, delimiting the regular helical region of the hairpin in neurotoxin B-IV, are located at d(d H ) positions of the heptad, and are involved in d ±d H disul®de bridges. Thereby, the hydrophobic bonds lay in the same face of the hairpin and are solvent exposed. In p8 MTCP1 , the half-cystine residues Cys7, Cys17 (helix I) and
Cys28, Cys38 (helix II) are located at position a and d (a H , d H ) on each helix, respectively. This lead to the formation of a ± d H (a H ±d) disul®de bridges, which appears as a more favorable geometry, the hydrophobic bridges being buried in the hydrophobic interface. This different disposition arises from the different cysteine motifs observed in p8 MTCP1 and neurotoxin B-IV: considering only the previously quoted half-cystine residues, the latter exhibits a -Cys-X 7 -Cys-X m -Cys-X 7 -Cys-cysteine motif, whereas p8 MTCP1 is characterized by a -Cys-X 9 -Cys-X m -Cys-X 9 -Cys-motif. Note that in these two motifs, the half-cystine residues are regularly Figure 5 .``Wheel diagram'' of the three helices of p8 MTCP1 . For the sake of clarity, helix III is presented in the same plane as helix I and helix II. Similarly, the three helices are represented as regular a-helices, whereas the pitch of helix I and II has an intermediate value between a-helix and coiled-coil. Hydrophobic residues and disul®de bridges are labelled in green, polar residues in orange, positively charged residues in blue and negatively charged residues in red. The letters in exposant indicate the heptad repeats. Figure 6 . Stereoview (ribbon representation) of the hydrophobic core of p8 MTCP1 . The backbone and the side-chain heavy atoms of the residues forming the core of the molecule are shown. Side-chains are identi®ed with the one-letter amino acid code and the sequence numbers. The backbone is colored in green, the side-chain heavy atoms in yellow. The disul®de bridges are shown in orange.
Solution Structure of Human p8 MTCP1 spaced, which seems compatible with the regular geometry of the helices. Indeed, enterotoxin b, where at least one helix of the a-hairpin is highly distorted, exhibits a -Cys-X 10 -Cys-X m -Cys-X 11 -Cysmotif, and the distorted regions of the a-hairpin found in neurotoxin B-IV correspond to regions where disul®de bonds connect non-equally spaced half-cystine residues.
Charged residues are generally located at the e and g positions of the heptad repeat: they¯ank the hydrophobic interface and often participate in interhelical e± e H or g± g H (e ±g H or g± e H in a-parallel coiled-coils) electrostatic interactions, thereby improving the stability of the helical assembly motif. This is however not the case for p8 MTCP1 . At positions g and g H , which are located in the solventexposed face of the a-hairpin, residues with the same charge (Glu13 and Glu34) are found so that no favorable interaction can occur. Examination of the re®ned structures reveals that Glu13 is involved in a intrahelical salt-bridge with either Lys9 or Lys 16 (31% and 35% of the computed structures, respectively). Positions e and e H are occupied by hydrophobic residues (Ala 11 and Ile 32, respectively) on the opposite face of the a-antiparallel helical motif and involved in hydrophobic contacts with helix III (residues Val49 and Phe53). Presumably due to the presence of the two disul-®de bridges, additional interhelical e± e H or g± g H contacts are not needed to improve the stability of the a-helical assembly. Note that the packing of the initial turns of helix III against the a-antiparallel helical motif is further stabilized by a salt-bridge involving Arg36 (helix II) and either Glu56 or Glu57 (helix III).
It has been predicted that the formation of a coiled-coil is primarily dependent on the presence of these heptad repeat sequences and that discontinuities in heptad periodicity induce changes in the direction of the polypeptide chain in coiled-coils and four-a-helix bundles, including formation of aa hairpin bends (Cohen & Parry, 1986; Banner et al., 1987) . We could speculate that the regular heptad repeats of p8 MTCP1 probably participate in the earlier events of protein folding, contributing to the correct positioning of helices I and II prior to disul-®de bridge formation. Supporting this assumption, the disul®de bridges form spontaneously during protein puri®cation and only one protein species is obtained from the E. coli culture.
The three-dimensional structure of p8 MTCP1 presents a hitherto undescribed folding topology for an a-protein, associated with a new cysteine motif. Thereby, p8 MTCP1 bears no resemblance to any potentially oncogenic protein previously described, nor does it belong to a well-known functional protein family. The distance matrix algorithm of Holm & Sander (1993) implemented in the program DALI did not ®nd any signi®cant hit except for the coiled-coil of Rop (ColEl repressor of primer; Vlassi et al., 1994; Banner et al., 1987) and for a number of helical regions of different proteins (data not shown), but none of these structures exhi-bit disul®de bridging between helices. These results only re¯ect the fact that geometry of the a-hairpin in p8 MTCP1 resembles a common a-antiparallel coiled-coil, except for the value of the crossing-angle. Finally, little information on the functional role of p8 MTCP1 can be extracted from these 3D structure homologies, since coiled-coils are widespread scaffolds known to support a variety of different activities (Kohn et al., 1997) .
Besides, p8 MTCP1 shares 40% sequence homology (22% identity), but a different cysteine motif, with a segment of type-1 repeat of thrombospondin proteins, a repeat which is also present in the beta chain of human complement C8 protein (Soulier et al., 1994) . The signi®cance of this high sequence homology remains unknown, but it is unlikely that the small mitochondrial protein p8 MTCP1 shares a commun function with such big extracellular mosaic proteins. This may indicate a fortuitous genetic exchange between ancestor genes.
Concluding Remarks
The solution structure of the human p8 MTCP1 protein, from the MTCP1 oncogene, has been obtained from homonuclear NMR methods. Both the r.m.s.d. and angular order parameters indicate that the structure is resolved with a good accuracy, representing a signi®cant achievement for a nonenriched protein. The new cysteine motif presented by this protein has been found associated with an original alternative for the stabilization of a coiledcoil-like structure: two antiparallel a-helices are tightly strapped together by two disul®de bridges at each end. Additional inter-helix hydrophobic contacts impart stability to this scaffold, but we think that these interactions are more likely to play an important role in the earlier events of the protein folding. Thus, the ®nding of this new a-helical motif should provide a new insight into the folding pathway of a-helical proteins. Moreover, a-helical motifs have been extensively studied as prime candidates for attempts at de novo design of proteins with novel properties (DeGrado et al., 1989; Cohen & Parry, 1990; Hecht et al., 1990; Morii et al., 1991; Kamtekar et al., 1993) . To this aim, the a-antiparallel helix scaffold present in the 3D structure of p8 MTCP1 should constitute a very useful tool: when compared to classical a-helical bundles, the disul-®de bonds should provide most of the stabilization energy, leaving a larger part of the protein structure available for mutations. The coordinates of the structure of p8 MTCP1 are being deposited to the Protein Data Bank (Brookhaven National laboratory) (code access for the average structure: lhp8; code access for the 30 conformers: 2hp8).
Materials and Methods

Sample preparation
The cDNA encoding p8 MTCP1 was subcloned into the EcoR1 site of the pGEX2 T vector (Pharmacia) leading to an in-frame fusion with the GST gene (Soulier et al., 1994) . BL21 E. coli transformed with the recombinant plasmid were used to inoculate 400 ml of medium (Tryptone 20 g/l, Yeast extract 10 g/l, sodium citrate 5 g/l, KH 2 PO 4 5 g/l adjusted to pH 7.0) containing 100 mg/ml ampicillin. After overnight growth at 37 C, the culture was used to inoculate four liters of the same medium supplemented with ampicillin (100 mg/ml), MgSO 4 (10 mM), glucose (5 g/l), biotin (1 mg/l), thiamine (10 mg/l), nicotinamide (10 mg/l) and grown at 37 C for three hours. Expression was induced for three to four hours by addition of 0.5 mM IPTG. The cells were harvested by centrifugation for 20 minutes at 8000 rpm and stored at À80 C.
Cells, 25 g wet weight, stored at À80 C were thawed and resuspended in 100 ml of ice cold 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM EDTA, 1 mM DTT, 5 mM benzamidine, 0.1 g/l PMSF and 0.5 mg/ml lysozyme. The suspension was stired on ice for 30 minutes and then probe sonicated for four minutes with 0.2 second bursts at 160 W. The particulate material was removed by centrifugation at 50,000 g for two hours and 4 C. PEI was added to the supernatant to a ®nal concentration of 0.3% (w/v) and the solution was stired on ice for an additional ten minutes. The precipitate was removed by centrifugation at 50,000 g for 30 minutes and the supernatant was applied onto a glutathione-Sepharose 1 -6B (Pharmacia Biotech) column (5 cm Â 1 cm) equilibrated with 50 mM Tris-HCl (pH 6.5), 20 mM NaCl. The column was washed with 500 ml of the same buffer containing 2 M NaCl and then re-equilibrated with the above buffer. GST cleavage was carried out on the column in 40 ml of buffer containing 20 ml of human thrombin (100 units/ml), at room temperature, overnight with gentle shaking. p8 MTCP1 was eluted in 10 ml fractions. The protein containing fractions were identi®ed by 15% (w/v) SDS-PAGE and pooled. p8 MTCP1 was loaded onto a SP-Sepharose 1 FF (Pharmacia Biotech) column (1.6 cm Â 10 cm) equilibrated in 50 mM Tris-HCl (pH 6.5), 20 mM NaCl. The column was developed with a 250 ml linear gradient from 0.02 to 2 M NaCl in the above buffer and 1 ml fractions were collected at a¯ow rate of 1 ml/min. The fractions containing the protein, as shown by SDS-PAGE, were pooled and concentrated using a Centriprep 2 3 concentrator (Amicon 1 ). p8 MTCP1 was further puri®ed by gel ®ltration on Sephacryl 1 HR 100 (Pharmacia Biotech) column (1.6 cm Â 100 cm) equilibrated with 50 mM sodium phosphate buffer (pH 6.5). Fractions (1 ml) were collected at a¯ow rate of 0.2 ml/ min. The protein was eluted as a single peak and the corresponding fractions were pooled and concentrated.
Thiol titration
The titration of thiol groups in the protein was done according to Ellman's method (Riddles et al., 1983) by incubating (®ve minutes) an aliquot of 10 ml from the NMR sample in a freshly prepared solution of DTNB. As an excess of deuterated DTT was present in solution, it was not possible to accurately couple the quantity released TNB to the number of free cysteines in the protein. We therefore puri®ed the modi®ed protein by RP-HPLC and analyzed it by mass spectroscopy. The electron spray spectrum gives a main peak at 9065.5 Da, indicating that the protein reacts with one equivalent of DTNB (expected mass: 9067). We obtained a similar result when the aliquot from the NMR sample was RP-HPLC puri®ed prior to modi®cation with DTNB: due to the very low pH of the eluant buffer (H 2 O-AcN-TFA, pH 2), this clearly demonstrates that the cystinyl residues are not involved in a zinc cluster.
NMR measurements
All NMR experiments, i.e. DQF-COSY (Rance et al., 1983) , z-TOCSY (Braunschweiler & Ernst, 1983; Davis & Bax, 1985; Rance, 1987) , NOESY (Jeener et al., 1979; Kumar et al., 1980) were carried out at 600 MHz, on a Bruker AMX600 spectrometer equipped with a z-gradient 1 H-13 C-15 N triple resonance probe. All samples were 2 mM in protein, with approximately 1.5 equivalents of ( 2 H)DTT, the pH (pD) was adjusted to 6.5 in order to prevent protein degradation. The pD values are uncorrected for isotopic effects. Samples dissolved in H 2 O contained 10% (v/v) 2 H 2 O for the lock. Data were acquired on samples maintained at 25 C or 35 C, and chemical shifts are reported relative to ( 2 H)TSP. Deuterated reagents 2 H 2 O, 2 HCl, NaO 2 H, ( 2 H)DTT, ( 2 H)TSP were from EURISOTOP.
For NOESY experiments, two mixing times of 100 and 200 ms were used. z-TOCSY experiments were carried out using the TOWNY isotropic transfer sequence (Kadkhodaei et al., 1993) and a mixing time of 60 ms. In all 2D experiments, quadrature detection in the indirectly observed dimension was obtained with States-TPPI (Marion et al., 1989a) . Solvent suppression in z-TOCSY and NOESY experiments was carried out using the WATERGATE method (Piotto et al., 1992) in association with water-¯ip-back pulses (Dalhuin et al., 1996; Lippens et al., 1995) . For DQF-COSY, water suppression was obtained with a low-power irradiation of the solvent signal during the relaxation delay. In addition, a solvent-suppression ®lter was applied to the time-domain data (Marion et al., 1989b) . The spectral width used in both dimensions was 7800 Hz; 4096 complex data points in t 2 and 512 experiments in t 1 were usually acquired, except for DQF-COSY where 1024 experiments were acquired in t 1 . Typically, 128 scans (NOESY, DQF-COSY) or 96 scans (z-TOCSY) were acquired per increment. The data sets were processed using UXNMR software. Alternatively, NMR spectra were also treated with GIFA (Pons et al., 1996) software utilities. Prior to Fourier transformation the raw data were multiplied by a squared cosine window function in t 2 and a shifted (p/4) sine bell window function in t 1 and were zero-®lled to the next power of 2 leading to a resolution of 1.9 Hz in the f 2 dimension and 7.62 Hz (NOESY, z-TOCSY) or 3.8 Hz (DQF-COSY) in the f 1 dimension. Residual baseline distortions in f 2 were removed with a ®fth-order polynomial baseline correction, and a linear baseline correction was applied in the f 1 dimension.
NH-C a H and C a H-C b H coupling constants were measured in the DQF-COSY spectra (2 Hz of digital resolution). In order to compensate for the over-estimation of the 3 J NH-Ha due to the broad line width of the antiphase multiplets, we used the method previously described by Ludvigsen et al. (1991) , thanks to a macroprogram implemented in the GIFA software. Spin systems determination and sequential assignment of the 1 H resonances were computer assisted using the in-house CINDY software (Padilla, to be published), operating on a Silicon Graphics O 2 workstation.
Solution Structure of Human p8 MTCP1
Molecular modeling calculations
All calculations were carried out on a Hewlett-Packard HP735 workstation. The volumes of cross-peaks were integrated in the 100 ms NOESY spectra and were classed as strong, medium and weak, and converted to the corresponding distance constraints of 1.8 to 2.8 A Ê , 2.4 to 3.6 A Ê , and 3.5 to 4.8 A Ê , respectively. Additionally, some cross-peaks which were present only in the 200 ms 2D NOESY maps were converted to distance constraints of 5.5 A Ê (no lower limit). A total of 35 restraints on the f dihedral angles were obtained from the coupling constants 3 J NH-Ha using the empirically calibrated Karplus relation (Karplus, 1963; Pardi et al., 1984) . 31 angles corresponding to coupling constraints smaller than 6 Hz were restrained in the À60(AE20) interval. Four angles corresponding to coupling constants greater than or equal to 9 Hz were restrained to À120(AE25) . Moreover, 22 w 1 angles were obtained from the analysis of the 3 J Ha-Hb coupling constants and intra-residue NOEs (Hyberts et al., 1987) . The limits of the intervals were set to AE45 .
3D structures were deducted from the experimental distance and angle restraints using ®rst the variable target function program DIANA (Gu È ntert & Wu È thrich, 1991) . Each run started from 1000 randomized conformers. When no stereospeci®c assignment was possible, pseudoatoms were de®ned and corrections added as described by Wu È thrich et al. (1983) . Fifty structures were generated from a preliminary set of distance and angle constraints. The analysis of the structures allowed us to resolve ambiguities in the assignment of NOE cross-peak arising from chemical shift degeneracy and thus the derivation of additional interproton restraints. To this aim, we used a routine of the CINDY software which allows the calculation of the NOESY 2D map from the calculated structures: the superimposition of the calculated and experimental maps gives an easy analyzable graphic representation of both the qualitative and semi-quantitative information from the NOE cross-peaks. This procedure was iterated several times by calculating at each step a new set of structures with an improved list of restraints. A set of 50 structures was generated with the ®nal list of restraints. This list (from which values redundant with the covalent geometry have been eliminated by DIANA) consisted of 201 intra-residues, 290 sequential, 292 medium-range (i À j < 5, and 157 long-range upper bound restraints, 721 lower bound restraints, and 35 backbone and 22 side-chain dihedral restraints. No additional restraints were used for hydrogen bonds. Among the 50 preliminary structures generated by DIANA, 20 presented a value of the target function smaller than 3.8 A Ê and no distance violation larger than 0.62 A Ê . The f and w 1 angles showed no violation greater than 10.4 . The low value of the target function obtained from a high number of constraints indicates the consistency of the data set and corresponds to structures of good quality. In these preliminary structures, no disul-®de bridge was enforced, and the calculations were done using cystinyl residues with depronated sulfur atoms. In this case the van der Waals radii for the cystinyl C b and S g atoms are reduced when calculating their mutual quadratic repulsive interaction, allowing all possible dis-ul®de interactions to occur. These structures were then used to determine the location of the disul®de bridges by a statistical analysis of the distances between the sulfur and/or the C b of the cystinyl residues. The ®nal DIANA structure calculation included the usual distance constraints to enforce the three disul®de bridges, i.e. ranges of 2.0 to 2.1 A Ê for d(S g ,S g ), 3.0 to 3.1 A Ê for d(C b ,S g ) and 3.5 to 4.5 A Ê for d(C b .C b ). The complete list of experimental restraints is available upon request from the author.
The 30 best structures (based on the ®nal target penalty function values) were further submitted to molecular mechanics energy re®nement with the SANDER module of AMBER 4.1 (Pearlman et al., 1995) using the 1994 force ®eld (Cornell et al., 1995) . To reduce wellknown artifacts arising from in vacuo simulations (charged and polar side-chains tend to fold back toward the protein to ®nd hydrogen bonding partners), the net charge of ionised side-chains was reduced to AE0.2 using a modi®ed residue database, and a distance-dependent dielectric constant was used (e r, Guenot & Kollman, 1992) . During the molecular dynamics runs, the covalent bond lengths were kept constant by applying the SHAKE algorithm (van Gunsteren & Berendsen, 1977) allowing a 2 fs time step to be used. The non-bonded pair list was updated every 50 steps and the temperature was regulated by coupling the system to a heat bath with a coupling constant of 0.2 ps. Pseudo-energy terms taking into account the NMR inter-proton distance restraints were de®ned as follows via four threshold distance values: r1, r2, r3 and r4. In all cases r1 and r2 were set to 1.3 and 1.8 A Ê , respectively. r3 was taken as the upper boundary used in DIANA calculations, and r4 was chosen as r3 0.5 A Ê . For an observed distance lying between r2 and r3, no restraint was applied. Between r1 and r2 or between r3 and r4, parabolic restraints were applied. Outside the r1 to r4 range, the restraints were linear with slopes identical at parabolic slopes at points r1 and r4. When no stereospeci®c assignment could be achieved for the methyl or methylene protons, an hr À6 i À1/6 averaging scheme was used instead of pseudoatoms. 5000 cycles of restrained energy minimisation were ®rst carried out followed by a 50 ps long simulated annealing procedure in which the temperature was raised to 900 K for 30 ps then gradually lowered to 300 K. During this stage, the force constants for the NMR distance constraints and for the angular constraints were gradually increased from 3.2 to 32 kcal mol À1 A Ê À2 and 0.5 to 50 kcal mol À1 rad À2 , respectively. A ®nal restrained minimisation led to the re®ned structures discussed below.
The structures were displayed and analyzed on a Silicon Graphics O 2 station using the INSIGHT program (version 2.3.0, Biosym Technologies, San Diego).
